ABSTRACT Whiteßies cause major agricultural problems in environments ranging from arid to humid climates on a global scale. A study was conducted on the effects of vapor pressure deÞcit (VPD) on oviposition, hatching, body size, and survival of immature B-biotype sweetpotato whiteßy, Bemisia tabaci (Gennadius) (Hemiptera: Aleyrodidae). Experiments were conducted at VPD conditions of 0.5, 1.7, and 2.7 kPa to represent low, medium, and high VPD environments, respectively. The study was conducted at 26ЊC with insects reared on collard, Brassica oleracea ssp. acephala de Condolle. The rate of oviposition was decreased at the highest VPD treatment. However, percentage egg hatch was not signiÞcantly affected by the treatments. More time was required for eggs to hatch at a high (2.7 kPa) compared with a low (0.3 kPa) VPD in a separate experiment. Overall survival to the adult stage was decreased at the highest VPD (Ϸ50%) compared with the other two VPD environments (Ϸ75%). Sizes of males and females were different, as is well known, but VPD had little signiÞcant effect on adult body size (length and width). The size effect was erased when the F 2 generations from the different treatments were reared under a common environment. Insect population models that include the most relevant environmental parameters can offer the best estimation of life-history events. These results help elucidate the ecology of B. tabaci and indicate that extremes in ambient moisture can have an impact on populations.
Temperature and ambient moisture are environmental factors that can affect the biology and ecology of terrestrial arthropods (Chapman 1969 , Alyokhin et al. 2004 , Bruce et al. 2009 , Jandricic et al. 2010 . However, unlike the extensive number of reports on temperature, there have been relatively few reports on the role of ambient moisture on terrestrial arthropods. Ambient moisture can affect developmental rate and survival of eggs and immature stages of diverse arthropods, including species of Acari, Coleoptera, Diptera, Hemiptera, Hymenoptera, Lepidoptera, and Orthoptera (Chapman 1969 , Ferro and Chapman 1979 , Martinat and Allen 1987 , Godfrey and Holtzer 1991 , Simmons 1993 , Alyokhin et al. 2004 , Simmons et al. 2008b , Bruce et al. 2009 ).
Whiteßies are important worldwide insect pests in both humid and arid environments (Naranjo et al. 2010) . They damage an extensive number of plant species (Simmons et al. 2008a ) in greenhouse and Þeld production systems by feeding and by vectoring plant pathogens. Temperature is an important limiting factor for whiteßies. Thus, climate can dramatically affect the population and distribution of whiteßies (Gerling 1984 , Lynch and Simmons 1993 , Simmons and Elsey 1995 , Naranjo et al. 2010 . The B-biotype sweetpotato whiteßy, Bemisia tabaci (Gennadius) (Hemiptera: Aleyrodidae) (synonymous with Bemisia argentifolii Bellows & Perring) and other members of the Bemisia complex, are notorious problems in crop production. Numerous life-history parameters, focusing on temperature and host plants, have been conducted on B. tabaci (Enkegaard 1993 , Drost et al. 1998 , Yang and Chi 2006 , Iida et al. 2009 ). Nevertheless, some attention has been given to humidity in regard to oviposition and survival of whiteßies. For example, Basu (1995) cited results of Avidov (1956) and others, but temperature was either not reported or was variable. Thus, the actual vapor pressure deÞcit (VPD) varied for a given relative humidity in these reports. However, vapor pressure deÞcit is biologically more meaningful than relative humidity (Ferro and Chapman 1979, Perring et al. 1984) . No investigation on an association of ambient moisture status and the attainment of body size has been reported for B. tabaci. Moreover, a better knowledge of the association of ambient moisture on the immature population of B. tabaci is needed. Preadult survival and other performances are important components of whiteßy population models (van Giessen et al. 1995) . Overly simplistic population models may be unreliable in estimating biological events. However, population models which are very complex may be too cumbersome to use. Thus, it is essential that a balance of critical information be included in whiteßy population models. Increased knowledge of the population ecology of whiteßies will facilitate the development of good population models to aid in the management of this pest. The purpose of this study was to determine any inßuence of vapor pressure deÞcit on oviposition, hatch, immature survival, and adult body size of B. tabaci.
Materials and Methods
Oviposition Assay. A laboratory experiment was conducted to test for any inßuence of vapor pressure deÞcit on oviposition by B-biotype B. tabaci. Insects used in this and all other experiments herein were from a greenhouse colony maintained at the U.S. Vegetable Laboratory, USDAÐARS, Charleston, SC. B. tabaci were reared on assorted vegetable crops, primarily collard, Brassica oleracea ssp. acephala de Condolle, in a greenhouse as described by Simmons (1994) . Collard seedlings, grown in Jiffy starter pellets (Jiffy Products of America, Batavia, IL), were used for the oviposition experiment. One collard seedling, three-to Þve-leaf stage, was placed in a cage. The cage consisted of an 18-cm-deep by 20-cm-diameter clear plastic cylinder. The starter pellet and bottom of each plant were placed in an interlocking seal plastic bag. The bag was zipped sealed around the stem that had cotton Þber placed around it to complete the seal of the bag without damage to the stem. The bags were used to restrict moisture from the pellets from entering the environment of the chamber, and to prolong moisture on the pellets for the plants. During the experiment, water was added as needed within the plastic bags so that the pellets continually supplied water to the plants, and the bags were resealed. The cotyledons and older leaves were detached and discarded so that only the top two to three leaves remained. Three moisture conditions representing low (0.5 kPa), medium (1.7 kPa), and high (2.9 kPa) VPD were established using environmental chambers (model I-36VL, Percival, Perry, IA) maintained at 26 Ϯ 1ЊC and a photoperiod of 16:8 (L:D) h. Light intensity, Ϸ2,500 lux, was measured with a portable spectroradiometer (model 407026, Phytotronics Inc., Earth City, MO). Lighting in the chambers was by ßuorescent bulbs oriented vertically along two opposite walls. Because temperature was held constant, the low, medium, and high VPD treatments corresponded to 85, 50, and 20% RH, respectively. Moisture condition for the high VPD treatment was maintained with a built-in IAT-50 U (Percival) in one chamber. Moisture for the medium VPD treatment was maintained with a portable dehumidiÞer (Kenmore model 580.54501500, Sears Holding Corporation, Hoffman Estates, IL) connected to a dehumidistat (model RHC, Green Air Products Inc., Boring, OR). Moisture for the low VPD treatment was provided by an open container (30 by 40 cm) of water in the chamber and varied from 0.4 to 0.7 kPa. Approximately 2 h before insects were caged, 500 adult female B. tabaci were collected from the colony and taken to the laboratory in a single container. Each cage with a collard seedling was then infested with 20 adult female whiteßies by using a mouth-controlled aspirator. Each cage was covered with Þne mesh screening and secured with a pair of rubber bands around the cage. Five cages were set up per treatment chamber. After 24 h, the number of eggs deposited on the top and lower leaf surfaces of each plant was counted and recorded using a microscope. The experiment was repeated 10 times for a total of 50 cohorts per VPD treatment.
Immature Survival Assay. A laboratory experiment was conducted to test for any inßuence of vapor pressure deÞcit on egg and nymphal survival by B. tabaci. Collard seedlings were set up with their base in plastic bags as described above. Fifteen adult female B. tabaci were collected from the colony and released in cages with ambient moisture treatments as described above. However, collard seedlings at the two-to three-leaf stage were used and only the cotyledons were detached. To standardize egg deposition during the oviposition period, all cages were under the same condition (21Ð25ЊC and 0.5Ð1.6 kPa), on a bench in the laboratory, for 20 h. Five cages with three collard seedlings per cage were set up for each treatment. After the ovipositional period, all adult whiteßies were removed and the cages were placed in the aforementioned VPD treatment chambers. Eggs on the upper and lower leaf surfaces were then counted under a microscope, but to minimize the additional duration of exposure to laboratory conditions, only one cage was removed at a time from a chamber for egg count and then returned to its respective chamber. This was done until all eggs on all plants were counted. A red dot was use to mark the location on leaves near each egg using a red Þne-point permanent marker (Sharpie, Series No. 30000; Stanford Corporation, Bellwood, IL) to readily facilitate the relocation of the eggs. After the egg count, the plants were held in the chambers for 10 d. The number of eggs that hatched and the number of nymphs on the leaves were then recorded. The cages were then returned to their respective VPD treatment chamber. One month after the ovipositional period, the number of empty pupal cases was recorded. Adults that had only partially exited the pupal cases were not considered as having successfully emerged. The experiment was repeated Þve times for a total of 25 cohorts per VPD treatment.
Assay of VPD on Adult Body Size. To assay any effect of VPD on adult whiteßy body size, four cages as described above were set up for the above-mentioned low, medium, and high VPD treatments. Five two-to three-leaf stage collard seedlings were placed in a single cage after the bottom of the plants were contained in zip seal bags as described above. Adult whiteßies (100 unsexed) were released into each cage and the cages were then placed in separate environmental treatment chambers. After 24 h, all adults were removed from the plants, and the plants were transferred to a new cage. The cages with plants were then returned to the environmental chambers and held for 30 d to allow complete adult emergence. The resulting live adult whiteßies were then aspirated into vials, and ethyl alcohol was immediately added to each vial. Size and gender were determined with an ocular micrometer using a microscope. Length was determined from vertex of the head to tip of the genitalia. Width was determined laterally across the middle of the abdomen. Ten adult males and 10 adult females were measured from each of the four cages per treatment. The experiment was repeated four times. Hence, 16 cohorts were measured for each VPD treatment.
Additional data were collected on the inßuence of VPD on adult body size of the F 2 generation after the F 1 generation had been reared under the different VPD. Five collard seedlings were placed in a cage as described above. Adult whiteßies of both genders (Ͻ30 insects) that had developed under the different VPD condition were collected and maintained in a single cage in the respective VPD treatment chamber where they had developed. The adults were removed from the cage after 2 d and the cage was returned to the chamber. After 30 d, adult length and width measurements were obtained for the offsprings as described above. The experiment was repeated three times.
Still, an additional experiment was set up to determine any body size difference among adults of the F 2 generation when reared under the same VPD environment. After the F 1 generation had been reared as described above, adults were placed in cages with collard seedlings on a bench in the laboratory and allowed to oviposit for 48 h, and then the adults were removed as described above. The plants were maintained on the laboratory benches, and the size of adults that emerged was measured as described above.
Rate of Egg Hatch. An experiment was set up to test for any effect of VPD on rate of egg hatch. Cages as described above were used in this experiment. Five collard seedlings were placed in a single cage and three cages were set up each for a high and low VPD treatment. The experiment was conducted in a single chamber, to avoid any possible subtle chamber effect, at 26ЊC and a photoperiod of 16:8 (L:D) h. A cage covered with Þne mesh screening was used for the high VPD treatment and the chamber was maintained at a VPD of 2.7 kPa. Low VPD was obtained by covering a cage with Þne mesh screen and then covering the top with a solid transparent cover, except for a 1-cm-diameter hole in the center of the lid. The hole prevented ambient moisture saturation within the cage from transpiration of the plants and resulted in a within cage moisture condition of 0.34 kPa (range, 0.17Ð 0.50 kPa). Two hundred adult whiteßies (gender not determined) were released into each cage for 4 h to allow oviposition on the seedlings. All adults were then removed from the plants and the cages were returned to the environmental chamber. After 2 d, a red dot was marked, as described above, on the leaf adjacent to 15 eggs. Eggs were only marked on the lower leaf surface, and excess eggs were not marked. All eggs were marked on leaves in the few cases when there were Ͻ15 eggs per plant. Thereafter, the marked eggs were observed daily for egg hatch. The experiment was repeated three times for a total of nine cohorts per VPD treatment.
Data Analysis. Data transformation was not deemed necessary for whiteßy body lengths and widths before statistical analysis. Sex and VPD were considered as Þxed effects and time (blocks) was considered as a random effect. Data for F 1 adults were analyzed separately from F 2 adults for body length and width, by subjecting to analysis of variance (ANOVA) by using the MIXED procedure of SAS (SAS Institute 2008). Least square means (LSMEANS) were used to separate treatment means at ␣ ϭ 0.05. Actual means and standard errors are presented in Þgures. Number of eggs deposited and duration of egg developmental time were analyzed with the PROC GLM routine (SAS Institute 2003). Unhatched eggs were excluded in determining developmental time. Percentages data on hatch and immature survival were transformed using arcsine transformation before the analysis, but the results are presented on back-transformed data. SigniÞcantly different means for egg data and percentages were separated using the Student-NewmanKeuls test (SAS Institute 2003).
Results and Discussion
Eggs and Nymphs. The number of eggs deposited by B. tabaci was signiÞcantly affected (F ϭ 10.74; df ϭ 2, 116; P Ͻ 0.0001) by the different moisture regimes (Table 1) . Whiteßies in the low and medium VPD environments deposited the same number of eggs, whereas those held at the high VPD deposited the fewest number of eggs (25%). Because the parents were reared in the same greenhouse colony, the observed effect was apparently a behavioral response to the experimental environments instead of a developmental effect. The experiment was designed to try to minimize other behavioral effects. Clip-on type cages are commonly used in whiteßy studies. Yet, two disadvantages of the use of such cages are that they conÞne the insect to a speciÞc location on a host and the small conÞned environment may potentially introduce a different microclimate in the experiment. By using whole plants, as in our study, whiteßies had unrestricted sites to oviposit, and crawlers were free to settle anywhere on the host plant.
Overall incidence of egg hatch was relatively high, ranging from 90 to 96% among the three VPD treat- (Table 2 ). However, survival from egg deposition to hatch was not signiÞcantly affected by VPD (F ϭ 1.15; df ϭ 2, 60; P Ͼ 0.324) ( Table 2 ). In a recent study at 25ЊC and relative humidity ranging from 70 to 90%, egg hatch of the B-biotype B. tabaci ranged from 89 to 100% among 10 host plants, but egg hatch was statistically the same (Iida et al. 2009 ). The lack of a VPD effect on the egg in this study may be related to the pedicel (i.e., stalk) of the egg that attaches to the leaf. Whiteßy researchers have suggested that the pedicel is a way for the egg to absorb water from the plant (Basu 1995 , Byrne et al. 1990 ). Thus, ambient moisture may be of no consequence on the embryo if sufÞcient moisture is provided from the leaf via the pedicel. During egg and nymphal development, VPD had a signiÞcant effect (F ϭ 4.84; df ϭ 2, 58; P Ͻ 0.011) on survival to the adult stage (Table 2) . Namely, percentage immature survival was depressed at the high (Ϸ50% survival) compared with the other VPD environments (Ϸ75% survival). No assessment was made on survival among the different instars. In addition, if any insects dropped to the ßoor of the cage during molting, their fate would have been included in the overall survival determination. When we examined the rate of egg development, a signiÞcant effect of VPD was observed (F ϭ 98.18; df ϭ 1, 12; P Ͻ 0.0001) ( Table 3) . Depending on host plant, the mean time for eggs of B. tabaci to hatch at temperatures between 24 Ð28ЊC has been reported as Ϸ5Ð7 d (Wagner 1995 , Basu 1995 , Muñ iz and Nombela 2001 , Yang and Chi 2006 , Iida et al. 2009 ). In our experiment with two moisture treatments, eggs developed more than a day faster in a lower VPD (0.3 kPa) than in a higher VPD (2.7 kPa) environment (Table 3) . In research with a coccinellid whiteßy predator, a retardation of the rate of development in response to high VPD also has been reported (Simmons et al. 2008b ).
Adult Size. Size was signiÞcantly affected (length: F ϭ 10.19; df ϭ 2; 72 P Ͻ 0.0001; width: F ϭ 11.32; df ϭ 2, 72; P Ͻ 0.001) by VPD (Fig. 1) . Whiteßies from low and medium VPD treatments tended to be larger than insects from the high VPD environment. Females were longer (F ϭ 297.31; df ϭ 1, 72; P Ͻ 0.0001) and wider (F ϭ 344.08; df ϭ 1, 72; P Ͻ 0.0001) than males in all treatments. The size disparity is well known.
When the F 2 generation was reared under the same VPD conditions as the F 1 generation, body length was signiÞcantly affected by VPD (F ϭ 5.30; df ϭ 2, 12; P ϭ 0.0225). Body width (F ϭ 3.84; df ϭ 2, 12; P ϭ 0.0515) was not inßuenced by VPD (Fig. 2) . Females were longer (F ϭ 431.24; df ϭ 1, 12; P Ͻ 0.0001) and wider (F ϭ 311.71; df ϭ 1, 12; P Ͻ 0.0001) than males in all treatments. Consistently, length within a sex for the high VPD treatment (0.919 mm for females and 0.765 mm for males) ranked less than the medium (0.939 mm for females and 0.782 mm for males) and low (0.925 mm for females and 0.806 mm for males), yet they were statistically the same.
When the F 1 generation was reared under different VPD conditions, and then the F 2 generation was reared at room conditions, no moisture effect was observed on length (F ϭ 0.09, df ϭ 2, 6; P Ͼ 0.91) or width (F ϭ 0.54; df ϭ 2, 6; P Ͼ 0.61) (data not shown). Thus, this suggests that any effect of VPD conditions on development may be reversed based on the conditions where the insects develops.
No direct assessment was made on the quality of host plant among the different VPD treatments. Although water stress can affect numerous interactions with insects (Holtzer et al. 1988) , the plants never exhibited any symptoms from water stress. In some arid environments where B. tabaci occurs, such as the southwest deserts of the United States, it is not uncommon to have relative humidity at Յ15% and the temperatures at Ն40ЊC. Under such conditions, the VPD (6.3 kPa) would be Ͼ2 times the level of the highest VPD (2.7 kPa) in our experiments. Thus, the effects observed in our study may be conservative compared with what occurs in some arid environments. Ambient moisture can vary excessively or little between the low and high extremes at a given site. The intensity and duration of exposure to adverse environmental conditions can be limiting factors for insect survival (Simmons et al. 2008b ).
An increase in the duration of exposure to a stress of elevated VPD can result in an increase in the adverse effect of the biology of an insect (Godfrey and Holtzer 1991) . Instead of combining some of the experiments, we collected some of the data in different experiments to minimize some factors associated with data collection. For example, in the case of the body size experiment, the only time that the whiteßy-infested plants were out of the chambers during the experiment was when adults were removed at the end of the oviposition period. Conversely, it was necessary to keep the cages out of the treatment environments to count eggs and nymphs in the survival study. The latter method offered a respite from an adverse condition or an exposure to a more adverse condition, depending on the treatment. How much of an impact those exposures may have had on survival and other results is not known.
Another factor that affects oviposition and population increases is plant genotype. Numerous studies have demonstrated differences in oviposition and population establishment by B. tabaci based on the plant species or on genetic diversity within species (Simmons 1994 , Basu 1995 , Tsai and Wang 1996 , Drost et al. 1998 , Simmons and Levi 2002 , Kakimoto et al. 2007 , Simmons et al. 2008a . The plant effect is underscored by the tremendous host range of this insect (Simmons et al. 2008a) . Although host was a constant in this study, and plant species can affect leaf microclimate (Gao et al. 2002) , we suspect that ambient moisture may be more likely to be a factor on a plant with smooth leaves, such as collard, than hosts with pubescent leaves because of air ßow.
The majority of the immature whiteßies developed on the lower leaf surface in our study. A few of the crawlers that hatched on the upper surface were not found and were considered to either have fallen off the plant or moved to the lower surface. Similarly, there were occasions where nymphs were not found on the lower surface where they hatched, but were found on the upper surface. Missing immatures in other studies have in part been attributed to falling off the leaf; in some cases they were found on a lower leaf (Summers et al. 1996) . Movement to the lower leaf surface has been considered to be minimally inßu-enced by geotropism on whiteßy behavior on collards (Simmons 1999) . Work on other host plants suggests that feeding sites and phototactic responses by B. tabaci crawlers may play a role in leaf surface movement (Chu et al. 1995 , Cohen et al. 1996 , Summers 1997 . Lynch and Simmons (1993) reported signiÞ-cant differences in the size of immatures between lower and upper leaf surfaces of peanut, Arachis hypogaea L; they were greater on the latter. No determination of male or female was made in that study, and no leaf surface effect on size was examined herein.
It is common for studies on the effect of temperature on an arthropod to hold relative humidity constant or to not mention moisture condition used in the study. Such studies invariably have moisture confounded with temperature in the results. For example, in an experiment with a relative humidity of 70% and temperature treatments of 20 to 35ЊC, the resulting ambient moisture would be from 0.7 to 1.7 kPa. Although temperature is usually the most critical factor in arthropod population growth, ambient moisture contributes too, as shown in results herein. Because populations of B. tabaci are routinely higher in the dry environment of the U.S. southwest as compared with the humid U.S. southeast, there are apparently other Fig. 2 . Mean Ϯ SEM (across cohorts) lengths (A; vertex to tip of genitalia) and widths (B; laterally across the middle of the abdomen) of F 2 adult B. tabaci after development at room conditions after the F 1 developed at three vapor pressure deÞcits on collard seedlings. Means followed by different letter are signiÞcantly different from each other (P Ͻ 0.05; according to LSMEANS). VPD is low (0.5 kPa), medium (1.7 kPa), and high (2.7 kPa). key factors affecting their population dynamics. Population models (e.g., Bonato et al. 2007 ) have been devised to incorporate some of the abiotic and biotic factors which affect B. tabaci. Obviously, any insect population model that incorporates important factors is more likely to result in a more reliable predictor of life events than a model that uses limited factors. The results herein help in the understanding of the ecology of B. tabaci and support that although B. tabaci exists in a wide range of ambient moisture, high VPD can have a negative impact on its population dynamics.
